ABSTRACT. Flagellar movement is caused by the coordinated activity of outer and inner dynein arms, which induces sliding between doublet microtubules. In trypsin-treated flagellar axonemes, microtubule sliding induced by ATP is faster in the presence than in the absence of the outer arms. To elucidate the mechanism by which the outer arms regulate microtubule sliding, we studied the effect of trypsin-digested outer-arm fragments on the velocity of microtubule sliding in elastase-treated axonemes of sea urchin sperm flagella. We found that microtubule sliding was significantly slower in elastase-treated axonemes than in trypsin-treated axonemes, and that this difference disappeared after the complete removal of the outer arms. After about 95% of the outer arms were removed, however, the velocity of sliding induced by elastase and ATP increased significantly by adding outer arms that had been treated with trypsin in the presence of ATP. The increase in sliding velocity did not occur in the elastase-treated axonemes from which the outer arms had been completely removed. Among the outer arm fragments obtained by trypsin treatment, a polypeptide of about 350 kDa was found to be possibly involved in the regulation of sliding velocity. These results suggest that the velocity of sliding in the axonemes with only inner arms is similar to that in the axonemes with both inner and outer arms, and that the 350 kDa fragment, probably of the α heavy chains, increases the sliding activity of the intact outer and inner arms on the doublet microtubules.
Sliding movements between doublet microtubules are the basis for ciliary and flagellar movement (Satir, 1963; Summers and Gibbons, 1971; Shingyoji et al., 1977; Brokaw, 1991) . Both the outer and inner dynein arms, which are arranged as two rows along the doublet microtubules, generate the force to move the adjacent doublet microtubules. Previous studies have suggested that the inner and outer arms play different roles: the former are essential for force generation, and the latter are mainly involved in the regulation of the sliding velocity of microtubules (Gibbons, 1981; Witman, 1990; Kamiya, 2002) .
When the outer arms of sea urchin sperm flagella are removed by high-salt treatment, the beat frequency of reactivated flagella decreases (Gibbons and Gibbons, 1973 , 1976 . A similar decrease in beat frequency has been reported in the outer-arm-deficient flagellar mutants of Chlamydomonas . Furthermore, it has been shown that in protease-digested flagellar axonemes of both sea urchin sperm and Chlamydomonas, microtubule sliding induced by ATP is significantly faster in the presence than in the absence of the outer arms (Hata et al., 1980; Yano and Miki-Noumura, 1981; Fox and Sale, 1987; Okagaki and Kamiya, 1986; Kurimoto and Kamiya, 1991) .
To analyze the activity of the outer and inner arms, an in vitro motility assay procedure is often used. In this procedure, isolated dynein arms are attached to a glass surface and the gliding movement of singlet microtubules caused by the arms is analyzed. Experiments using such a method have shown that the velocities of microtubule gliding induced by 21 S dynein (purified outer arms) and C/A dynein (one of the several kinds of inner arms) of sea urchin sperm flagella are similar (Yokota and Mabuchi, 1994) . In Chlamydomonas flagella, the inner dynein arms that consist of multiple subspecies show a great variety of gliding velocities (Smith and Sale, 1991; Kagami and Kamiya, 1992; Sakakibara et al., 1999) . Also, the microtubule-sliding velocity of the outer dynein arms, whose two-headed or single-headed parts of the three-headed heavy chains were used for the motility assay, is similar to that of some of the inner arms (Sakakibara and Nakayama, 1998) . In Tetrahymena cilia, 22 S (outer arm) and 14 S (inner arm) dyneins also move microtubules at a similar speed (Shimizu et al., 1991) , but only 22 S can increase the gliding speed (Shimizu et al., 1991; Toyoshima, 1988, 1989) . These observations suggest that the faster microtubule sliding of protease-treated axonemes in the presence of the outer arms cannot be explained simply by an idea that the outer and inner dynein arms move the microtubule at different speeds.
In 21 S dynein of sea urchin sperm flagella, trypsin treatment induces fragmentation of the heavy chain (HC, ~512 kDa) (Bell and Gibbons, 1982; Ow et al., 1987) into two (340 kDa and 130 (or 110) kDa) or three (195, 135, 110 kDa) parts by cleavage at T1 and T2 sites of the HC depending on the extent of digestion (Inaba, 2000) . The heavier fragments, 340 kDa and 195 kDa, contain four P-loops and the B-link (Inaba, 2000) . The B-link is located on the carboxyl-terminal side of the P4 and is thought to be the ATP-sensitive binding site of dynein to the adjacent doublet (Gee et al., 1997) . The 340 kDa and 195 kDa fragments do not contain the ATP-insensitive microtubule binding site located at the amino-terminal of the HC (Inaba, 2000) . Both the α and β HCs of 21 S dynein are digested by trypsin, but the α HC is more sensitive to trypsin than is the β HC (Bell and Gibbons, 1982) . Furthermore, the ATPase activity of 21 S dynein is increased two-to three-fold by trypsin digestion (Ow et al., 1987) . The mechanism of this increase in ATPase activity has been unknown, but may be associated with the fragmentation of dynein by trypsin.
The lack of ATP-insensitive microtubule binding sites in the trypsin-digested HCs would not allow the fragmented outer arms to make cross-bridges between doublet microtubules and induce sliding between them. Therefore, the faster sliding of trypsin-treated axonemes in the presence of the outer arms is not explained simply by an increase in the ATPase activity of the trypsin-digested outer arms. If, however, we consider a possibility that the intact outer arms in the trypsin-treated axonemes are involved in the sliding disintegration, a model may be proposed to explain the increase in sliding velocity. The model hypothesizes that the outer arms fragmented by trypsin increase their ATPase activity during sliding disintegration of the trypsintreated axonemes. This leads to an increase in the velocity of microtubule sliding induced by the outer arms that are still undigested with trypsin and making cross-bridges between doublets. The hypothetical interaction between the fragmented and the intact dynein arms may be mediated by a mechanism involving the doublet microtubules. To test this model, we studied the effect of trypsin-digested outer-arm fragments on the velocity of microtubule sliding in elastase-digested flagellar axonemes with or without intact outer arms. The elastase treatment used in this study did not digest dynein arms but digested some axonemal components that resist free sliding-apart of microtubules. We found that the sliding velocity increased when the trypsin-digested outer-arms or a fraction containing 350 kDa fragments of dynein were added to the elastase-treated axonemes that had about 5% of the outer arms. These results indicate that the activity of the trypsin-digested outer arm fragments can modulate, probably via the doublet microtubules, the activity of intact outer and inner arms that produce sliding disintegration of the axonemes, thereby increasing the sliding velocity.
Materials and Methods

Axonemes
Sperm flagellar axonemes of the sea urchin, Anthocidaris crassispina, Hemicentrotus pulcherrimus and Strongylocentrotus nudus, were prepared according to the previously described method (Yoshimura and Shingyoji, 1999) with some modifications: Tris-HCl (pH 8.0) was used in both demembranating and reactivating solutions and polyethyleneglycol was omitted from the reactivating solution. Preparations that showed less than 90% reactivation at 1 mM ATP were discarded. The demembranated sperm was homogenized to obtain axonemal fragments. Sperm heads were removed by centrifugation at 2,000 g and the supernatant containing axonemal fragments was centrifuged at 17,000 g. The pellet was resuspended in reactivating solution without ATP. We call the preparation "intact axonemes".
To remove outer arms, demembranated sperm were extracted with 0.6 M KCl (in reactivating solution without ATP and Kacetate). The condition of the KCl treatment was determined by separate experiments, in which a decrease of the beat frequency at 1 mM ATP to about 50% of the beat frequency of the intact sperm was used as a sign of removal of most of the outer arms from the axonemes (Gibbons and Gibbons, 1973; Fox and Sale, 1987) . In the 0.6 M KCl-treated axonemes, about 5% of the outer arms remained (see Results). To remove the remaining outer arms we treated the 0.6 M KCl-treated axonemes with 0.75 M KCl (in reactivating solution without ATP and K-acetate) for 30 min on ice and obtained the 0.75 M KCl-treated axonemes, which contained only the inner arms.
Trypsin-digested outer arms and their recombination with high-salt-extracted axonemes
Outer arms were extracted from axonemes by the 0.6 M KCl treatment. The crude outer arms were centrifuged on a 5-20% sucrose density gradient made in reactivating solution without ATP and containing aprotinin (10 µg/ml) and 0.1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride for 10 h at 188,000 g to obtain purified outer arms (21 S dynein). Fractions containing 21 S dynein were twice dialyzed for 3 h (on ice) against 1,000 volumes of reactivating solution without ATP.
Trypsin digestion was carried out in the presence of 1 mM ATP by changing the concentrations of trypsin (Sigma T-8253) and outer arms and the treatment time. The extent of trypsin digestion, which is expressed as digestion index (DI), is determined by the concentrations of trypsin and dynein arms and the time of digestion at 25°C: DI=(trypsin concentration in mg/ml per protein concentration in mg/ml)×(digestion time in min)×10 4 (Bell and Gibbons, 1982) . We used digestion indices 300 or 3,000 for 21 S dynein and 3,000-4,000 for crude outer arms. Trypsin digestion was terminated by addition of soybean trypsin inhibitor (Sigma type I-S).
To recombine outer arms to outer arm-depleted axonemes, we incubated the 0.6 M KCl-treated axonemes or 0.75 M KCl-treated axonemes for 30 min (on ice) with outer arms, which had been extracted from two volumes of intact axonemes by 0.6 M KCl treatment. When we recombined the trypsin-digested outer arms or the trypsin-digested 21 S dynein, the 0.6 M KCl-treated axonemes (1 mg/ml) were incubated with nine volumes of the trypsindigested samples of 150 µg/ml (outer arms) and 15-17 µg/ml (21 S) for about one hour (on ice). We confirmed that the trypsindigested outer arms were effective in increasing the sliding velocity of elastase-treated axonemes (see below) when their concentration was higher than 1 µg/ml. We treated the outer arms in the presence of 1 mM ATP not only during the trypsin digestion but also during the recombination. This was done in order to preserve the conformation of the trypsin-digested outer arms since we found that the presence of 1 mM ATP in digesting the outer arms with trypsin was essential for increasing the sliding velocity of the elastase-treated axonemes after their recombination with the trypsin-digested outer arms. We confirmed that the presence or absence of ATP at the recombination of the undigested outer arms with the outer arm-depleted axonemes did not affect the sliding velocity.
Factors produced by sliding disintegration of trypsindigested axonemes and their recombination with 0.6 M KCl-treated axonemes
To investigate the effects of factors that may be produced during the sliding disintegration of trypsin-digested axonemes, we first induced sliding disintegration of axonemes by trypsin and 1 mM ATP. After a 3 min treatment with trypsin at 25°C (DI=300), we terminated the digestion by adding trypsin inhibitor and separated the doublet microtubules (pellet) from the extracts (supernatant) by centrifugation at 371,000 g for 15 min (4°C). The pellet containing the doublet microtubules was treated with 0.6 M KCl (in reactivating solution without ATP and K-acetate) to obtain outer arm fragments, which were produced by trypsin digestion and were not detached from the doublet microtubules during the sliding disintegration. The effect of the fragments (0.1 mg/ml) on the sliding velocity was studied by recombining them with the 0.6 M KCl-treated axonemes (1 mg/ml) by a 30 min-incubation (on ice).
To investigate the effect of the supernatant, which may have contained some factors extracted from the doublet microtubules during the sliding disintegration, we incubated the 0.6 M KCltreated axonemes (1 mg/ml) for an hour on ice with nine volumes of the supernatant (0.1 mg/ml) in the presence of 1 mM ATP. Since we found that the supernatant contained a factor or factors that increased the sliding velocity of the elastase-treated axonemes, we fractionated the supernatant using a 5-20% sucrose density gradient. Nine volumes of the fractions (about 1 or 7 µg/ml) that contained HCs and smaller polypeptides were incubated with the 0.6 M KCl-treated axonemes (1 mg/ml) in the presence of 1 mM ATP for an hour on ice.
Observation of microtubule sliding
We constructed a 5-µl chamber using a glass slide and a coverslip with thin piece of plastic film as spacers. A suspension of axonemal fragments was introduced into the chamber, followed by perfusion with 1 mM ATP in reactivating solution, and then treated with elastase (5 µg/ml elastase, Sigma type III, and 5 µg/ml soybean trypsin inhibitor, Sigma type I-S, in reactivating solution with 1 mM ATP). In the first experiment we also used trypsin (1 µg/ml trypsin, Sigma T-8253, in reactivating solution with 1 mM ATP) to induce sliding disintegration. Other concentrations of the proteases, that is, 20 µg/ml elastase (with 20 µg/ml soybean trypsin inhibitor) and 0.1 µg/ml tryspin were also used. Sliding movement was induced in the following types of axonemes: intact axonemes, 0.6 M KCl-treated axonemes, 0.75 M KCl-treated axonemes, and axonemes recombined with outer arms or trypsindigested outer arms (or their fragments). Microtubule sliding was observed about 20 sec to 5 min after the beginning of the protease treatment. Since the parameters of microtubule sliding of the axonemes obtained from the three species of sea urchins were similar, we combined the data from the three species. All observations were carried out at room temperature (24-27°C).
Sliding disintegration of the axonemes was observed under an inverted microscope (Nikon MD) equipped with a dark field condenser (Zeiss) and an objective lens (Nikon BM ×40) and recorded on videotape by using a CCD camera (Hamamatsu Photonics, C2400-77) with an image intensifier (Hamamatsu Photonics, C2400-80H) and a VHS videocassette recorder. To analyze the sliding movement, the video images were traced by hand from the screen of a video monitor onto a sheet of transparent film.
Electrophoresis, determination of molecular weights and immunoblotting
Polyacrylamide gel electrophoresis was performed in the presence of SDS (SDS-PAGE) on a 4% constant gel or on a 3-6% gradient gel (Laemmli, 1970) . To investigate the effect of trypsin on α and β HCs, we used a 3-4.5% polyacrylamide gradient gel with a 3-8 M urea gradient in the absence of SDS (Kagami and Kamiya, 1992) . The gels were stained with 0.1% Coomassie Brilliant Blue R-250 (CBB) or with silver (Blum et al., 1987) . The mean molecular weights of the polypeptides obtained from trypsin-digested outer arms were determined from their electrophoretic mobilities in the 3-6% gel by comparing with the mobilities of dynein HC (512 kDa) and standard proteins (212, 170, 116 and 76 kDa) (Lee-Eiford et al., 1986) . After electrophoresis on the 4% gel, the proteins were electrophoretically transferred to a polyvinylidene difluoride membrane for immunoblotting. The membrane was incubated first with an affinity-purified primary antibody against 21 S dynein of sea urchin sperm flagella (kindly provided by Dr. K. Ogawa) and then with an alkaline phosphatase-conjugated secondary antibody (Sigma A-3687). The antibody complexes were detected with 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT) (Kirkegaard & Perry Laboratories, Inc.).
ATPase and protein assays
ATPase activity was measured according to the method of Kagami and Kamiya (1995) with some modifications: (NH4)6·Mo7O24·4H2O was used instead of Na2·MoO4·2H2O. The ATP hydrolysis reaction was terminated by 0.6 M perchloric acid (PCA). The trypsindigested dynein samples were obtained by digesting dynein with trypsin for 3 min in the presence of 1 mM ATP. The amount of inorganic phosphate derived from the ATP hydrolysis reaction was measured by adding PCA to the samples just after (time 0) and 10 min (at 25°C) after the cessation of trypsin digestion and calculating the ATPase activity from the reaction for 10 min. The protein concentrations were determined by the Bradford method (Bradford, 1976) , using bovine serum albumin as a standard.
Results
Sliding disintegration of elastase-treated and trypsintreated axonemes
Elastase-treated axonemes show different patterns of sliding disintegration depending on the concentration of ATP (Nakano et al., 2003) . Thus, at high concentrations (≥0.1 mM) of ATP most of the axonemes show only one or two sliding events (a sliding event is an ATP-induced, long-distance sliding that appears to occur between two adjacent doublets), whereas at lower ATP concentrations they show more sliding events (Yoshimura and Shingyoji, 1999; Nakano et al., 2003) . In our experiment at 1 mM ATP about 60% of the elastase-treated axonemes showed one or two sliding events and the axonemes slid apart into two or three bundles of doublet microtubules (Fig. 1a) , while about 20% of the axonemes were disintegrated into individual doublets as the results of many sliding events (Fig. 2a, b) . In contrast, trypsin-treated axonemes are known to disintegrate into individual doublets regardless of the ATP concentration (Summers and Gibbons, 1971) . In this study, we analyzed the sliding patterns of axonemes treated with a relatively low concentration (1 µg/ml) of trypsin and activated at 1 mM ATP. We found that these trypsin-treated axonemes showed sliding into two doublet bundles as the elastasetreated axonemes did at higher (≥0.1 mM) ATP concentrations (Figs. 1b, 2c) . The frequency of occurrence of sliding into two doublet bundles (one sliding event) was lower in 1 µg/ml trypsin than in 5 µg/ml elastase ( Fig. 2b and c, intact axonemes), but it was similar in 0.1 µg/ml trypsin and in 20 µg/ml elastase (Fig. 2b, c) . These results indicate that the method of protease digestion is related to the sliding patterns. Removal of outer arms did not affect the frequency of sliding patterns in both the elastase-treated and the trypsintreated axonemes (Fig. 2b, c) .
Sliding between two bundles occurred smoothly at nearly constant speeds in both the elastase-treated (Fig. 1c , crosses and filled circles) and the trypsin-treated axonemes (Fig. 1d , crosses and filled circles). When the axonemes slid apart into three bundles as the result of two successive sliding events, the first and the second sliding could be distinguished because of a difference in sliding speeds ( Fig. 1c  and d, open circles) . However, in the axonemes showing more sliding events, we could not determine the velocity of the first sliding because of simultaneous sliding ("piggybacking") between several doublets. To determine the sliding velocities accurately, we analyzed the first sliding of the axonemes that showed only one or two sliding events (corresponding to the filled and hatched boxes in Fig. 2 ). Frequency of occurrence of the three types of sliding patterns and others in elastase-treated (b) and trypsin-treated (c) axonemes. Intact, 0.6 M KCl-treated and 0.75 M KCl-treated axonemes showed similar frequencies of sliding patterns for 5 µg/ml elastase (b) and for 1 µg/ml trypsin (c). Frequencies of sliding patterns at 20 µg/ml elastase and 0.1 µg/ml trypsin were similar. 
Effects of elastase and trypsin treatments on sliding velocity and HCs
The velocity of sliding obtained from intact and outer armdepleted axonemes showed a broad non-Gaussian distribution with a longer tail towards the higher sliding velocities (Fig. 3) . The statistical differences between the sliding velocities were examined by using Mann-Whitney U-test. We found that when sliding was induced by elastase, the sliding velocities did not differ between the intact and the 0.6 M KCl-treated axonemes (Fig. 3a, b) , nor between the 0.6 M KCl-treated and the 0.75 M KCl-treated axonemes (Fig. 3b, c) (p>0.3) . However, when sliding was induced by trypsin, the sliding velocities were significantly different between the intact and the 0.6 M KCl-treated axonemes and between the 0.6 M KCl-treated and the 0.75 M KCl-treated axonemes (p<0.002, Fig. 3d , e and Fig. 3e, f) . The velocities of sliding induced by elastase and trypsin treatment were not different in the 0.75 M KCl-treated axonemes (p>0.7, Fig. 3c , f), but were significantly different in the intact and the 0.6 M KCl-treated axonemes (p<0.001, Fig. 3a, d and Fig. 3b, e) .
The amount of outer arms extracted by the high-salt treatment was examined by SDS-PAGE (Fig. 4a, b) . Based on the densitometry of bands in the western blot (Fig. 4c ) and SDS-PAGE patterns ( Fig. 4a lane 2 and Fig. 4b line 2), we determined that about 5% of the outer arms (A-band) remained in the 0.6 M KCl-treated axonemes. A subsequent treatment of the 0.6 M KCl-treated axonemes with 0.75 M KCl extracted the remaining outer arms and some of the inner arms, leaving 0.75 M KCl-treated axonemes containing about 70% of the inner arms (Fig. 4a lane 3 and Fig. 4b  line 3) . Fig. 4d schematically illustrates dynein arms in the intact, 0.6 M KCl-treated, and 0.75 M KCl-treated axonemes. These results, together with the above observation concerning the sliding velocities, suggest that the presence of outer arms in trypsin-treated axonemes is important for the faster sliding.
We examined the effect of protease digestion on the dynein HCs during sliding disintegration of the proteasetreated axonemes. Fig. 4e shows SDS-PAGE patterns of HCs in the intact axonemes (the leftmost lane) and the axonemes treated with elastase and trypsin for 1 and 3 min at 1 mM ATP. Sliding disintegration was observed in most of the axonemes treated with elastase for 3 min or with trypsin for 1 min (Fig. 5a, d ). Both 1 min (DI=100) and 3 min (DI=300) of trypsin treatments induced fragmentation of a part (mainly A-band) of the HCs and produced new bands (indicated by asterisks in Fig. 4e ), but elastase treatment did not digest the HCs (Fig. 4e) . 
Effects of elastase and trypsin treatments on time lag of disintegration
The above observation showed that the microtubule sliding velocity in the elastase-treated axonemes did not change regardless of the change in the number of outer arms (Fig.  3a-c) . We also showed that the dynein arms remained apparently intact in the elastase-treated axonemes (Fig. 4e) . These results indicate that the velocities of sliding generated in the axonemes with both the inner and the outer arms and in those with only the inner arms are similar. However, before we draw a conclusion, the following possibilities should be considered: 1) the outer arms were inactive and only the inner arms generated the force for microtubule sliding in the elastase-treated axonemes, or, 2) some axonemal structures that had not been digested by elastase decreased the sliding velocity. To test these possibilities, we examined the time lag of disintegration, defined as the time from the beginning of the perfusion of ATP to the onset of sliding disintegration. The time lag is thought to be correlated with the number of force generating dynein arms on the following assumptions: The sliding disintegration is probably set off when, due to progressive digestion by the protease, the axonemal structures that restrict the doublet sliding within a small range in the intact axoneme become so weak that they can no longer resist the force of dynein arms. Because the outer and the inner arms generate similar forces of about 5-6 pN/dynein molecule (Shingyoji et al., 1998) , it may need a longer time for the sliding disintegration to start when only the inner arms are active than when both the outer and the inner arms are active. If the outer arms are inactive and only the inner arms generate the force for microtubule sliding, removal of the outer arms by high-salt extraction would not influence the time lag.
As Fig. 5 shows, the time lag became longer with a decrease of the outer arms in the elastase-treated axonemes (Fig. 5a-c) , indicating participation of the outer arms in the sliding disintegration of both the intact and the 0.6 M KCltreated axonemes. However, the time lag of the elastasetreated axonemes was twice as long as that of the trypsin- treated axonemes. The delayed disintegration might be caused by some axonemal components undigested by elastase. We tested the effect of 20 µg/ml elastase and 0.1 µg/ml trypsin on the time lag and the sliding velocity. The high concentration of elastase neither prolonged the time lag nor increased the sliding velocity as observed with 5 µg/ ml elastase ( Figs. 6a and 5a; Figs. 6b and 3a) , but the distribution of sliding patterns became more like that of sliding induced by trypsin (Fig. 2b, c) . In contrast, 0.1 µg/ml trypsin induced faster sliding similar to that induced by 1 µg/ml trypsin, but increased the time lag of disintegration ( Figs. 6d and 3d; Figs. 6c, and 5d ). The distribution of the time lag in 0.1 µg/ml trypsin-treated intact axonemes (Fig. 6c) is close to that in 5 µg/ml elastase-treated, 0.75 M KCl-treated axonemes (Fig. 5c ). This indicates that the presence of axonemal structures undigested by elastase or trypsin influenced the sliding pattern and the time lag of disintegration but did not affect the sliding velocity.
Based on these results, we conclude that the velocities of sliding generated in the axonemes with both the inner and the outer arms and in those with only the inner arms are similar, and that the outer arms are involved in the mechanism by which trypsin increases the sliding velocity.
Effects of trypsin-digested outer arms on sliding velocity
The above findings suggest that the outer arms in the trypsin-treated axonemes are essential for faster sliding. This suggests that trypsin-digested outer arms may increase the velocity of microtubule sliding induced by the intact outer arms. To test this idea, we examined whether faster sliding could be induced in elastase-treated axonemes. We extracted crude outer arms from intact axonemes with 0.6 M KCl and digested them with trypsin (DI=3,000-4,000) in the presence of 1 mM ATP. The tryspin-digested outer arms were incubated with either 0.75 M KCl-treated or 0.6 M KCl-treated axonemes and the microtubule sliding was induced by 5 µg/ml elastase and 1 mM ATP. As Fig. 7 shows, the sliding velocities in the axonemes that were incubated with the outer arms and those incubated with the trypsin-digested outer arms were not different in the 0.75 M KCl-treated axonemes (p>0.2, Fig. 7a, b) , but were significantly different in the 0.6 M KCl-treated axonemes (p<0.02, Fig. 7c, d ). When the outer arms were digested with trypsin in the absence of ATP, the 0.6 M KCltreated axonemes incubated with these trypsin-digested outer arms did not show an increase in sliding velocity (7.9±2.5 µm/sec, n=11). These results indicate that the trypsin-digested outer arms are possibly bound to the axonemes when the outer arms were digested with trypsin in the presence of ATP, and that their binding may increase the sliding velocity through some mechanism that requires intact outer arms.
By using SDS-PAGE, we examined whether the trypsindigested outer arms really recombined with the 0.6 M KCltreated axonemes in the presence of ATP (Fig. 8) . Tryspin digestion of the outer arms in the presence of ATP induced fragmentation of a part of HCs to several polypeptides of around 350 kDa (Fig. 8, lane 3) . In this analysis, we applied an excess amount (about 10 times) of the outer arms and the trypsin-digested outer arms (lane 3) to the gel, so as to obtain clearer images when they were incubated with axonemes (lanes 7 and 5). Because of this, the A-band (outer arms) appeared thicker than usual. After the incubation of the trypsin-digested outer arms with the 0.6 M KCltreated axonemes in the presence of 1 mM ATP, the A-band of the axonemes increased its intensity and only a band of 350 kDa (indicated by an arrowhead in Fig. 8 ) was recognized as a new polypeptide bound to the axonemes (Fig. 8,  lane 5 ). This clearly showed that a part of the trypsindigested outer arms was bound to the outer arm-depleted axonemes in the presence of ATP. 
ATPase activities were measured in the absence and in the presence of about 10 mg/ml singlet microtubules (MT) and shown as mean±s.d. a): Trypsin-digested 21 S dynein was obtained by trypsin treatment at DI=3,000 and 1 mM ATP. There were statistically significant differences between the values indicated with b) and c), between d) and e), between b) and d), and between c) and e) (p<0.05).
Effects of trypsin-digested 21 S dynein on sliding velocity
When axonemes were treated with 1 µg/ml trypsin, sliding disintegration was induced by 1 mM ATP within 1-3 min. This trypsin treatment corresponds to the DI of 100-300. Thus, the trypsin digestion of outer arms at the DI of 3,000-4,000 as used in the above experiment might have been an extreme condition. Furthermore, possible involvement of components of the trypsin-digested outer arms other than HCs in the increase in sliding velocity should also be considered. To clarify these points, we used 21 S dynein, which was obtained by purification of crude outer arms and treated with trypsin at DI=300 and DI=3,000. We found that the sliding velocities in the 0.6 M KCltreated axonemes incubated with 21 S dynein and with the trypsin-digested 21 S dynein (either DI=300 or DI=3,000) were significantly different (p<0.05, Fig. 9a ). We therefore conclude that the trypsin-digested dynein HCs themselves are important for increasing the sliding velocity and that the outer dynein arms digested with trypsin at a DI higher than 300 are effective. We also determined the digestion of α and β HCs of 21 S dynein at DI=300 and DI=3,000 in the presence of 1 mM ATP (Fig. 9b) . At DI=300, about half of the α HCs were digested without an apparent effect on β HCs, while at DI=3,000 most of the α HCs and a third of the β HCs were digested ( Fig. 9b and c ).
An increase in ATPase activity of 21 S dynein by trypsin digestion has been reported by Ow et al. (1987) and this was confirmed at DI=3,000 (Table I) . A further increase in . Outer arms were extracted from axonemes with 0.6 M KCl. For trypsin-digested outer arms, outer arms were treated with trypsin at DI=3,000-4,000 in the presence of 1 mM ATP. The trypsin-digested outer arms and the outer arms were incubated with 0.6 M KCl-treated axonemes for an hour (on ice) in the presence of 1 mM ATP and the axonemal pellets (lanes 5 and 7, indicated with P) were separated from the supernatant (lanes 4 and 6, indicated with S) by centrifugation. An arrowhead in lane 5 indicates a 350 kDa band in the axonemal polypeptides, which was not recognized in lane 1 and lane 7 but appeared after the incubation with trypsin-digested outer arms. 3-6% polyacrylamide gel and CBB staining.
ATPase activity of the trypsin-digested 21 S dynein as well as of 21 S dynein was induced by an addition of microtubules (Table I ). The results indicate that the trypsindigested 21 S dynein can interact with microtubules and increase its ATPase activity.
Factors produced by sliding disintegration of the trypsin-digested axonemes
Based on the above observations, we tried to detect the factors affecting the sliding velocity during sliding disintegration of the trypsin-treated axonemes. As has been mentioned above, sliding disintegration occurred at DI=300 in most of the trypsin-treated axonemes and this condition digested a half of the α HCs. A part of the α HCs subjected to trypsin would be fragmented into polypeptides of about 340 kDa or 195 kDa (Inaba, 2000) and the fragments may interact with microtubules probably through their B-links. But the remaining part of the HCs (most of them would be β HCs), which have their ATP-insensitive microtubule binding sites as well as the B-links, would be left on the doublet microtubules after the sliding disintegration. In our prelimi- Fig. 9 . (a): Distribution of sliding velocities in 0.6 M KCl-treated axonemes that were incubated with 21 S dynein and trypsin-digested 21 S dynein (DI=300 and DI=3,000) in the presence of 1 mM ATP. Microtubule sliding was induced by 5 µg/ml elastase and 1 mM ATP. Both trypsin-digested 21 S dynein at DI=300 and DI=3,000 (middle and bottom graphs) showed significantly faster speed than undigested 21 S dynein (top graph). Mean±s.d. is shown in each graph. (b): Gel electrophoresis of α and β HCs obtained from 21 S (DI=0), trypsin-digested 21 S (DI=300) and trypsin-digested 21 S (DI=3,000) dynein. 3-4.5% polyacrylamide with 3-8 M urea gel and CBB staining. (c): Digestion profiles of α and β HCs at DI=0, 300 and 3,000 in the presence of 1 mM ATP. Intensities of band density for α and β HCs in gels were analyzed by using NIH image and their relative values of mean±s.d. for each DI, which were obtained from three separate experiments including (b) are shown. nary experiment we found that both the supernatant (or extract) and the doublet microtubules that were obtained after the sliding disintegration of the trypsin-treated axonemes at 1 mM ATP, had ATPase activities. On the basis of this observation we speculated that some of the digested parts of the outer arms could be released from the doublet microtubules during sliding. To determine whether the fragmented parts of the dynein released from the doublets or those left on the doublets are involved in the regulation of sliding velocity, the following experiments were carried out. Our strategy was to induce sliding disintegration of the trypsin-digested axonemes at DI=300 and examine the effects on the sliding velocity of dynein fragments remaining on the doublet microtubules as well as those extracted from the axonemes.
We first induced microtubule sliding in trypsin-treated axonemes and separated the doublet microtubules of disintegrated axonemes from the supernatant by centrifugation. The doublet microtubules were treated with 0.6 M KCl and the outer arms were extracted. The 0.6 M KCl-treated axonemes were incubated with the extracted outer arms or the supernatant and then sliding was induced by 5 µg/ml elastase and 1 mM ATP. As shown in Fig. 10a (upper graph), the velocities in the presence of the outer arms extracted from the disintegrated axonemes were not significantly different (p>0.4) from those observed in the 0.6 M KCl-treated axonemes (Fig. 7c) . In contrast, in the presence of the supernatant the velocities (Fig. 10a lower graph) were significantly higher (p<0.001) than those observed in the presence of the outer arms extracted from the disintegrated axonemes ( Fig. 10a upper graph) .
To identify the factors in the supernatant that are responsible for the increase of sliding velocity, we fractionated the supernatant by using sucrose density gradient centrifugation and measured the sliding velocity in the 0.6 M KCl-treated axonemes after incubation with the fractions. Fraction A, which mainly contained the HCs, and fraction C, which contained small polypeptides of about 140 kDa, did not increase the sliding velocity ( Fig. 10b and c) . However, the sliding velocities in the 0.6 M KCl-treated axonemes incubated with fraction B were significantly different from those incubated with fraction A or C (Fig. 10c, p<0 .03). Fraction B contained the polypeptide near 350 kDa (Fig. 10b, arrowhead) . These results indicate that the trypsin-fragment of about 350 kDa from the dynein HCs is a probable candidate for the main factor in the increase in sliding velocity.
Discussion
The results of this study indicate that the velocities of microtubule sliding induced in the axonemes of sea urchin sperm flagella with both the outer and the inner dynein arms and in those with only the inner arms are similar, and that the outer arms are involved in the mechanism regulating (increasing) the sliding velocity in the axonemes. The elastase-digested axonemes used in this study seems to have enabled us to study the activity of dynein arms under conditions closer to those in vivo. Our previous studies have demonstrated some unique features of the elastase-treated axonemes, which are not observed in tryspin-treated axonemes. For example, we could induce cyclical bending of elastase-treated axonemes by local repetitive application of ATP . We also showed that elastase-treated axonemes split into two doublet bundles by microtubule sliding at a high concentration of ATP (Yoshimura and Shingyoji, 1999; Nakano et al., 2003) . The unique effects of elastase upon the sliding and the bending responses of flagellar axonemes seem to be related to the characteristics of elastase digestion of the axonemal structures and dynein arms. Our results show that dynein arms are apparently intact after elastase treatment, whereas trypsin induces fragmentation of the HCs, as has previously been reported (Ogawa, 1973; Ow et al., 1987; Inaba, 2000) .
Similarity of the sliding velocities between the outer and the inner arms has been shown by an in vitro motility assay (Yokota and Mabuchi, 1994; Shimizu et al., 1991) , and by a new assay, in which the movements of singlet microtubules applied to dynein arms on doublet bundles obtained from the elastase-treated axonemes were analyzed (Yoshimura and Shingyoji, 1999) . In other studies, however, the microtubule sliding in the axonemes treated with trypsin has been shown to be faster in the presence than in the absence of outer arms (Hata et al., 1980; Yano and Miki-Noumura, 1981) . Our results suggest that the discrepancy is probably due to the fragmentation of the outer arms by trypsin, which elevates the sliding activity of the outer arms.
Trypsin-induced fragmentation of dynein, which accompanies an increase in ATPase activity, has been studied in 21S dynein, mainly its β HC, of sea urchin sperm flagella (Ogawa, 1973; Ow et al., 1987; Inaba and Mohri, 1989; Inaba, 2000) . A mild treatment with trypsin cleaves the 512 kDa dynein HC at T1 site, producing two polypeptides, one 340 kDa and the other 130 (or 110) kDa. A prolonged trypsin treatment, however, further cleaves the 340 kDa carboxyl-terminal fragment, either at T2 site in two fragments (195 and 135 kDa) in the absence of ATP, or at Tav1 site to produce a 300 kDa fragment in the presence of ATP and vanadate (Inaba, 2000) . The present study shows that a strong candidate for the main factor increasing the microtubule sliding velocity in trypsin-treated axonemes is the 350 kDa polypeptide obtained from the outer arms by trypsin digestion in the presence of ATP. The fragment may be identical with the 340 kDa fragment obtained by T1 cleavage of the dynein HC.
The present results indicate that trypsin digestion of axonemes causes fragmentation of some of the outer arms to produce a 350 kDa polypeptide. The fragmentation is associated with an increase in the ATPase activity, which leads to an increase in the velocity of microtubule sliding in the axonemes. The mechanism by which the outer-arm frag-ments increase the sliding velocity remains to be elucidated, but it possibly involves activation of the intact outer arms (Fig. 11) , a change in the cooperative interaction between the outer and the inner arms, or a reduced contribution of the inner arms to the activity of the outer arms. The role of the inner arms in the regulation of the velocity of microtubule sliding is poorly understood, but the activity of the inner arms seems not to be directly affected by the 350 kDa fragments. It may be possible that the sliding activity of the inner arms changes in accordance with the activity of the outer arms. Investigation of the roles of the inner arms may provide a further insight into the mechanism regulating the sliding velocity.
It is significant that the trypsin-digested crude outer arms and the trypsin-digested 21 S dynein do not increase the sliding velocity of the elastase-treated axonemes when the trypsin digestion is done in the absence of ATP. In contrast, the outer arms and 21 S dynein digested with trypsin in the presence of 1 mM ATP, as well as the supernatant obtained after the sliding disintegration of the trypsin-digested axonemes at 1 mM ATP (Fig. 11d) , increased the sliding velocity of the elastase-treated axonemes. Thus, the conformation of the dynein HC obtained by trypsin digestion in the presence of ATP, which enables the dynein in the active state to interact with microtubules, may be essential for the function of the fragmented HCs. α HCs of the outer arms are more sensitive to trypsin digestion than β HCs (Bell and Gibbons, 1982) , which was also confirmed in the presence of ATP in this study. This observation is consistent with the results that the trypsin digestion of the outer arms during sliding disintegration produces mainly three kinds of fragments, 350 kDa fragments and 140 kDa fragments, which are derived probably from α HCs, and β HC-fragments (Figs. 10b and 11d) . Among the three fragments, the 350 kDa fragments and the β HC-fragments are able to bind to the axonemes, but only the 350 kDa fragments increase the sliding velocity. The β HC-fragments contain a single motor domain of β HC with probably three intermediate chains (IC1-3) and light chains (LCs). The activity of the β HC might be controlled by the ICs. Since β/IC1 has been reported to have a higher ATPase activity and a higher velocity of microtubule gliding than 21 S dynein has (Sale and Fox, 1988; Moss et al., 1992a) , it would be important to study the effect of β/IC1 on the sliding velocity of the elastase-treated axonemes.
To interact with a doublet microtubule, a dynein fragment needs a microtubule binding site. The β HC-fragment has the A-link, the ATP-insensitive microtubule binding site, as well as the B-link, the ATP-sensitive microtubule binding site (Mocz and Gibbons, 1993; Gee et al., 1997) . The 350 kDa fragment, however, is supposed to have only the Blink. In this study we found that the 350 kDa fragment, probably containing the four P-loops, can bind and hydrolyze ATP and reattaches to microtubules in the presence of ATP. The 350 kDa fragment has affinity with axonemes similar to that of the outer arms (Fig. 8) .
It has been demonstrated that dynein of Tetrahymena cilia and Chlamydomonas flagella is attached to singlet microtubules (or B-tubules of doublets) through the B-link (or B- Fig. 11 . Schematic illustrations showing fragmentation of the outer arms and a possible model of cooperative interactions among the outer arms during the sliding disintegration between two doublet microtubules of the trypsin-digested axonemes. Trypsin digests α HCs of most of the outer arms at T1 site (indicated with yellow arrowheads), providing 350 kDa fragments (indicated with red). The fragments may interact with the undigested parts (indicated with light blue) of the outer arms and intact outer arms (blue) and activate them. This may increase the sliding velocity. During and after sliding disintegration of the trypsin-digested axonemes, the fragmented parts of the outer arms are released from the doublet microtubules, which contain 350 kDa and 140 kDa fragments and the β HC-fragments. end, B-subfiber site) in the absence of ATP, and is detached from them in the presence of ATP (Takahashi and Tonomura, 1978; Haimo et al., 1979; Porter and Johnson, 1983) . Our results that the 350 kDa dynein fragment binds to doublet microtubules in the presence of ATP are inconsistent with these works. The discrepancy may be due to the dynein arms used for the studies. Our study used a part of outer arms, in particular fragments of α HCs, instead of intact outer arms. A different behavior of α HC, β/IC1 complex and 21 S dynein obtained from the outer arms of sea urchin sperm flagella has been demonstrated. When the HCs attached to a glass surface interact with microtubules at millimolar ATP, β/IC1 induces microtubule gliding with a velocity higher than that obtained by using 21 S dynein, while α HC only attaches itself to microtubules without moving them (Moss et al., 1992a, b) . In cytoplasmic dynein, the dynein HC heterodimeric complexes containing only a single motor domain and 138 kDa and 180 kDa amino-terminal fragments can bind to microtubules and hydrolyze ATP yet do not show ATP-induced detachment from microtubules that is characteristic of wild-type homodimeric dynein (Iyadurai et al., 1999) . It is interesting that the carboxyl-terminal 350 kDa fragments of α HCs contain a single motor domain and show features similar to those of the single-headed dynein complex of cytoplasmic dynein. The results suggest that the fragmented parts of the axonemal dynein, at least those of the α HCs, bind to microtubules in the presence of ATP. If α HCs could attach themselves to microtubules in the presence of ATP in vivo, cooperative interactions between the α and β HCs would be required for efficient ATP-dependent detachment of dynein from microtubules and for microtubule sliding in the axonemes.
In live flagella, trypsin-digested outer arm fragments do not naturally exist. The maximum velocity of microtubule sliding in beating sea urchin sperm flagella that is estimated from the mean beat frequency (41.4±2.2 Hz) and the mean bend angle (2.3±0.4 rad) of reactivated flagella at 1 mM ATP (Takahashi et al., 1982) is 16.1 µm/sec. It is interesting that this velocity of microtubule sliding under a loaded condition of beating is similar to the velocities of the unloaded sliding observed in the trypsin-treated axonemes (about 15 µm/sec) and in the elastase-treated axonemes with the 350 kDa fragments (11-13 µm/sec), although this might be coincidental. But the estimated velocity of beating flagella is higher than the sliding velocity in the elastase-treated axonemes (8-9 µm/sec). If we assume that the velocity of microtubule sliding in elastase-treated axonemes reflects the more natural activity of dynein than in trypsin-treated axonemes, because the HCs are not damaged by elastase, there might be some mechanism that would increase the sliding activity of the outer (and thereby the inner) arms in vivo. Bending of the axonemes may be involved in the mechanism regulating (or increasing) the sliding activity of the outer arms probably through doublet microtubules (Shingyoji et al., 1991 Lindemann, 1994a Lindemann, , b, 2002 Holcomb-Wygle et al., 1999) . It has been reported that in the quiescent flagellar axonemes of sperm tails that have a large principal bend near the heads, the velocity of sliding disintegration induced by 20 µg/ml elastase and 1 mM ATP is higher in the presence than in the absence of the outer arms, although the presence of Ca 2+ and a lack of trypsin inhibitor in the sliding assay solution should be noted (Fox and Sale, 1987) . In intact axonemes bending of doublet microtubules might change the conformation of some of the outer arms (α HCs?) that are making cross-bridges between doublets and increase their ATPase activity, which might lead to activation of the other outer arms and the inner arms or a change in cooperativity between the outer and the inner arms probably through doublet microtubules, which causes faster microtubule sliding in beating flagella. The role of bending in the regulation of dynein activity seems to be one of the next questions to be studied.
